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ABSTRACT: Stretchable nanocomposite conductors are
essential for engineering of bio-inspired deformable elec-
tronics, human−machine interfaces, and energy storage
devices. While the eﬀect of strain on conductivity for
stretchable conductors has been thoroughly investigated, the
strain dependence of multiple other electrical-transport
processes and parameters that determine the functionalities
and biocompatibility of deformable electrodes has received
virtually no attention. The constancy of electrochemical
parameters at electrode−ﬂuid interfaces such as redox
potentials, impedances, and charge-transfer rate constants on
strain is often tacitly assumed. However, it remains unknown whether these foundational assumptions actually hold true
for deformable electrodes. Furthermore, it is also unknown whether the previously used charge-transport circuits
describing electrochemical processes on rigid electrodes are applicable to deformable electrodes. Here, we investigate the
validity of the strain invariability assumptions for an elastic composite electrode based on gold nanoparticles (AuNPs). A
comprehensive model of electrode reactions that accurately describes electrochemical processes taking place on
nanocomposite electrodes for ferro-/ferricyanide electrochemicals pair at diﬀerent strains is developed. Unlike rigid gold
electrodes, the model circuit for stretchable electrodes is comprised of two parallel impedance segments describing (a)
diﬀusion and redox processes taking place on the open surface of the composite electrode and (b) redox processes that
occur in nanopores. AuNPs forming the open-surface circuit support the redox process, whereas those forming the
nanopores only increase the double-layer capacitance. The redox potential was found to be strain-independent for tensile
deformations as high as 40%. Other parameters, however, display strong strain dependence, exempliﬁed by the 2−2.5 and
27 times increases of active area of the open and nanopore surface area, respectively, after application of 40% strain.
Gaining better understanding of the strain-dependent and -independent electrochemical parameters enables both
fundamental and practical advances in technologies based on deformable electrodes.
KEYWORDS: stretchable materials, biomimetic electronics, reconﬁgurable electrodes, electrochemical sensors, implantable devices,
self-assembly
The potential and current signals measured in electro-chemical experiments are the result of the interplay
between a large number of electron- and ion-transport
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processes, including diﬀusion of diﬀerent species toward and
away from the electrode, charge transfer at the electrode, and
surface interactions of electrolyte species. All of these processes
are strongly dependent upon the electrode’s chemistry,
geometry, and topography. A large amount of research has
been invested worldwide into the development of macro- and
microelectrodes1,2 and, more recently, stretchable electro-
des.3−9 The latter represent the key component of bio-inspired
deformable electronics,7 human−machine interfaces,10 semi-
permanent wearable sensors, and safe energy storage devices.10
There are multiple studies that address the dependence of their
conductivity on strain in nanocomposites.11−14 However, an
analysis of the state-of-the-art in this ﬁeld reveals how little we
know about the strain dependence of other parameters that are
critical for identifying the functionalities and biocompatibility
of the deformable electrodes related to the electrochemistry at
the surface of these stretchable electrodes. Understanding the
dependence of the key electrochemical parameters such as
redox potential, impedance, nanoscale porosity, and charge-
transfer rate constants on strain is essential for all applications
of deformable electrodes. Strain independence of electro-
chemistry at the interface of stretchable electrodes is often
tacitly assumed, but experimental testing of this foundational
assumption was never carried out. One should also expect that
the electrochemical models for the electrode−electrolyte
interface of the deformable composite electrode may be
quite diﬀerent than those for classical rigid electrodes due to
nanoscale heterogeneity of these materials. Systematic studies
deciphering the complexity of the electrochemical models for
the deformable composite materials are needed for correct
predictions of electrochemical responses of deformable
electrodes.
Stretchable electrodes are produced from a variety of
composite materials that “borrow” conductivity from nanoma-
terials and elasticity from polymers. Some materials design
approaches include the deposition of wire-like nanoconductors
onto elastomeric substrates to form conducting grids.15 Others
involve incorporation of nanomaterials such as graphene,16
carbon black,17 metal nanowires,18 or nanoparticles
(NPs)14,19,20 into elastic polymers. The interface between the
nanoscale conductive elements and electroactive ﬂuid outside
of the electrode changes upon strain for all of these
nanocomposites, because the nanoscale objects adjust their
mutual orientation (self-assemble) under strain.14,21−23 The
focus of most studies in the past was the maximization of
conductivity for large strains,24−28 although the conductivity of
electrodes per se is a necessary but not the suﬃcient
requirement for the realization of reliable human−machine
interface, biosensor array, deformable energy storage, and
other applications. One also needs to know of the strain
dependence of electron-transport processes and the actual
active surface area of the composite electrodes. The body of
knowledge about such dependences is extremely limited.29−32
Nilchian and Li investigated strain dependence of electrodes
made from carbon nanotubes incorporated into polydimethyl-
siloxane immersed into a solution of ferrocyanide/ferricyanide
by electrochemical impedance spectroscopy (EIS) or cyclic
voltammetry (CV) for cyclic strains up to 300%.29 Kim et al.
investigated reduced graphene oxide/single-wall carbon nano-
tubes sprayed onto a gold-coated latex substrate30,31 for 100
stretching cycles at 100% strains. Wei et al. investigated the
electrochemical behavior of a stretchable single-wall carbon
nanotube electrode under compressive stress.32 Summarizing
the outcome of these studies, the expectations of variable active
area for electrodes and variable capacitive response were
Figure 1. Scanning electron microscopy images of a composite Au/PU electrode (a,b) under 0% strain at diﬀerent magniﬁcations, and under
(c) 20% and (d) 40% strain. No change in micron and submicron scale morphology is observed for these electrodes.
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conﬁrmed. However, the central questions of whether the
electrochemistry of redox species varies with strain and
whether classical circuit models are applicable to deformable
electrodes remain open.
These questions are addressed in our study of the strain-
dependent electrochemical processes for stretchable nano-
composites from gold described here. A stretchable conductor
composed of cationic polyurethane and self-assembled AuNPs
was obtained by using vacuum-assisted ﬂocculation (VAF).
This composite material exhibited conductivity of 104 S·cm−1
and could sustain greater than 100% strains without loss of
conductance. EIS indicates that, in the relaxed state, the
electrochemical behavior of the AuNP composite ﬁts the
model of a Randles circuit, but under strain, the nanoscale and
molecular-scale porosity of electrodes changes dramatically.33
Depending on the nanoscale topography, AuNPs comprise two
distinct subsets with dramatically diﬀerent electrochemical
activities: NP assemblies in the nanopores indistinguishable in
the electron microscopy images and on the open surface. Such
surface duality leads to fundamentally diﬀerent mathematical
models for the electrochemical behavior of deformable
electrodes compared to the rigid metal electrodes.
RESULTS AND DISCUSSION
Structure of the Composite Electrodes. Before
investigating the electrochemical properties of the Au/PU
nanocomposite electrode in its non-stretched and stretched
states, we visualized it by scanning electron microscopy (SEM,
Figure 1a,b). The Au/PU nanocomposite electrode displayed a
surface with nanoscale roughness and pores that ranged in size
from ∼300 to 500 nm. From the standpoint of electro-
chemistry, it is important that nanocomposite electrode did
not display any signiﬁcant change in its surface morphology
when stretched inside the electron microscope for strains as
high as 40% (Figure 1 c,d, and Supporting Information (SI),
Figure S-1). The appearance of the surface and the pore sizes
were obtained for strains exceeding 100% for this material.14
However, in the context of human−machine interfaces,
deformable energy storage devices, as well as other
applications, the extensibility of electrodes rarely needs to
exceed 30%, that is, the limit of skin extensibility in humans.34
For this and for practical experimental reasons, we performed
electrochemical studies for strains up to 40%.
Cyclic Voltammetry. CV responses of Au/PU composite
electrodes under 0% strain and a classical gold foil electrode
(Au foil) were acquired and compared in the absence and in
the presence of [FeIII(CN)6]
3−/[FeII(CN)6]
4− in the electro-
lyte (Figure 2). When phosphate-buﬀered saline (PBS, pH 7.4)
was used as electrolyte in the absence of [FeIII(CN)6]
3−/
[FeII(CN)6]
4−, the CV curve from the Au foil electrode was
featureless and approached a rectangular shape, as expected for
pure double-layer charging currents (Figure 2, inset). The CV
curve acquired from a nanocomposite Au/PU electrode under
the same conditions exhibited higher currents, which were
associated with polarization of the nanocomposite. The
magnitude of the current densities in electrolytes that
contained solely PBS (±0.04 mA/cm2) indicated that
electrolytic contribution to the redox processes in the presence
of [FeIII(CN)6]
3−/[FeII(CN)6]
4− is negligible. The CV curves
in the presence of [FeIII(CN)6]
3−/[FeII(CN)6]
4− in PBS are
symmetrical for both Au foil and Au/PU electrodes, as
expected for solutions containing identical concentrations of
FeII and FeIII redox species (Figure 2). The oxidation and
reduction peak separation on the Au foil electrode was ΔEp ≈
0.28 V, which demonstrated the quasi-reversible character of
the [FeIII(CN)6]
3−/[FeII(CN)6]
4− transition on Au foil; this
also indicated that the reaction rate is controlled by both iron
complex mass transport and reaction kinetics.35 Peak
separation was larger for the Au/PU composite electrodes
(Table 1). Assuming that diﬀusion coeﬃcients of electroactive
species to both the Au foil and Au/PU are the same (an
assumption that is conﬁrmed later in this paper) one can
conclude that the redox reaction rate is slower on the Au/PU
composite than it is on an Au foil electrode. Peak currents
measured for a non-stretched Au/PU electrode were about
2.0−2.5 times lower than those of the Au foil electrode.
Between 0 and 40% of strain, the Au/PU nanocomposite
electrode in contact with PBS in the absence of
[FeIII(CN)6]
3−/[FeII(CN)6]
4− displayed a considerable in-
crease of currents (Figure 3). The capacitance increase with
strain could be due to an increase of the active area of the
electrode (see section D) leading to an increase of the double
layer area formed during the application of the potential. This
Figure 2. CV curves measured with Au foil (red) and Au/PU
composite (black) electrodes with a scan rate of 20 mV/s in 0.5 M
PBS solution without (dashed lines) and in the presence of 12 mM
[FeIII(CN)6]
3−/[FeII(CN)6]
4− (plain lines). The inset shows a
zoom of CV obtained without the redox probe. The currents are
reported as current densities; that is, they refer to the geometric
surface area of the corresponding electrode for adequate
comparison.
Table 1. Parameters of CV Curves Measured with Au Foil
and Au/PU Electrodes at Diﬀerent Strains at a Scan Rate of
20 mV/s in 0.5 M PBS Solution in the Presence of 12 mM
[FeIII(CN)6]
3− and [FeII(CN)6]
4− Electrolyte
equilibrium potential, peak current, peak separation,
electrode E0, V (vs Ag/AgCl)
a ip,a/ip,c, mA·cm
−2 ΔE, V
Au foil 0.18 2.5/2.2 0.28
Au/PU 0% 0.16 0.99/0.98 0.45
Au/PU 10% 0.16 1.33/1.25 0.47
Au/PU 20% 0.15 1.42/1.33 0.47
Au/PU 30% 0.15 1.52/1.41 0.45
Au/PU 40% 0.15 1.89/1.82 0.32
aThe values are calculated as a half-position potential between the
potentials of cathodic and anodic CV peaks.
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double layer is diﬀerent than the area of a bare gold surface due
to the presence of the cationic polyurethane around the
AuNPs. In the presence of 12 mM [FeIII(CN)6]
3−/
[FeII(CN)6]
4− (Figure 4), the redox wave corresponding to
electron-transfer reactions at the nanocomposite electrolyte
interface becomes evident. Importantly, the redox potential is
apparently independent of strain for this material within the
limits of the tensile deformations tested, that is, 0−40%.
Taking into account the capacitive component, the current
densities for the [FeIII(CN)6]
3− ⇄ [FeII(CN)6]
4− electron-
transfer reactions can be estimated. A nearly 2-fold increase in
redox current densities was observed when the strain was
increased from 0% to 40%, which is surprising considering that
there was little or no change of surface topography upon
stretching within the resolution of these images (Figure 1).
Also important, the peak separation decreases with stretching,
approaching the value equal to that of a gold foil electrode
(Table 1). Both observations can be attributed to an increase
of the number of electrochemically active Au NPs due to
strain-induced assembly into conductive bands.
Electrochemical Impedance Spectroscopy. Electro-
chemical Reactions without Strain. Nyquist plots of
impedance spectra for the Au foil electrode and Au/PU
nanocomposite electrodes were determined under the same
conditions as those used for CV, that is, PBS electrolyte with
12 mM [FeIII(CN)6]
3−/[FeII(CN)6]
4 (Figure 5). The
impedance of the Au foil electrode in this electrolyte (Figure
5a) follows the Randles model (red line) that describes the
double-layer charging of a ﬂat electrode/electrolyte interface
with a concurrent reversible redox reaction. The latter is
controlled by planar diﬀusion and charge-transfer rate constant
speciﬁc for the electrode material, and electroactive species.
The essential parameters of the Randles model (Figure 5 inset)
are Rel, the resistance of the electrolyte; Cdl, the double-layer
capacity due to electrolyte ion adsorption; Rct, the resistance of
charge transfer for the redox process; and W, the Warburg
impedance related to planar diﬀusion toward the electrode of
the redox species. Fitting of the experimental plots by the
Randles model allowed us to ﬁnd the values of the impedance
components, which point to the following electrochemical
parameters of Fe(II)/Fe(III) redox process for the Au foil
electrode: surface speciﬁc capacitance C2 = 27 ± 5 μF/cm
2,
charge-transfer rate constant k = (1.4 ± 0.2) × 10−3 cm·s−1,
and diﬀusion coeﬃcients of [Fe(CN)6]
3− and [Fe(CN)6]
4− D
= (1.5 ± 0.5) × 10−5 cm2·s−1 (see eq S-1 in the SI). These
results agree with those in the literature.36,37
Impedance spectra of Au/PU electrodes at 0% strain (Figure
5b) are qualitatively similar to those found on the Au foil
electrodes (Figure 5a), which agrees with the previous ﬁndings
of metal-like behavior of these composites.14 When ﬁtting the
experimental plots with the Randles model one can see
signiﬁcant discrepancies, however. A reasonable agreement can
be obtained for the high and intermediate frequency domains
whereas deviations from the model are clearly detected at the
low-frequency limit (below 0.01 Hz): the slope of the
impedance plot is lower than the 45° expected for ﬂat
Warburg diﬀusion impedance. From the EIS data measured at
high and moderate frequencies (Randles model applied), the
active surface area of Au in the nanocomposite electrode can
be estimated. The semi-circle of the spectra are slightly
ﬂattened, and thus the double layer capacitance is better ﬁtted
by a constant phase element (CPE) of a = 0.85. The deviation
of the CPE constant, a, from 1 (ideal capacitor) is usually
related to heterogeneity or micro-roughness of the surface,38
which corresponds well to the nanocomposite electrode
topography observed by SEM (Figure 1a,b). For a non-
stretched Au/PU nanocomposite electrode, we found 0.21 cm2
of Au surface area per 1 cm2, indicating that approximately
20% of the electrode surface is composed of Au NPs that are
redox active. The kinetic parameters of the FeII/FeIII reaction
on the Au/PU composite electrodes were also calculated from
a Randles circuit (applied in high and intermediate
frequencies) and found to be k = (0.9 ± 0.2) × 10−3 cm·s−1
and D = (1.10 ± 0.05) × 10−5 cm2·s−1. This fact shows that the
electrochemical activity or accessibility of the Au of the Au/PU
electrode surface is lower compared to Au foil, which should
be associated with the presence of PU. The diﬀusion
conditions are, nevertheless, similar for both Au foil and the
surface of Au/PU nanocomposite, as indicated by the close
values of diﬀusion coeﬃcients, where D for Au foil is equal to
1.50 × 10−5 cm2·s−1. The electrochemically active part of the
electrode and speciﬁcally, the nanoscale particles capable of
sustaining the redox reaction will be referred as open surface.
Figure 3. Capacitive current for a Au/PU nanocomposite electrode
in contact with PBS for diﬀerent strains from 0% to 40%.
Figure 4. Typical CV curves of Au/PU nanocomposite electrodes
at diﬀerent strains (0, 10, 20, 30, and 40%) at a scan rate of 20
mV/s in 0.5 M PBS solution in the presence of 12 mM
[FeIII(CN)6]
3−/[FeII(CN)6]
4−.
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The observations of smaller active surface area and lower
activity of Au/PU NPs compared to Au foil are in qualitative
agreement with lower peak currents of the CV curves of Au/
PU than those of Au foil as discussed in the previous section.
Quantitative predictions of the ratio of peak currents on Au
foil and Au/PU electrodes are diﬃcult because of the quasi-
reversible character of the [FeIII(CN)6]
3−/[FeII(CN)6]
4− redox
reaction, that is, its controlled by both mass-transport of Fe
complexes and kinetics of charge transfer. Indeed, in the case
of pure mass-transport control (reversible redox reaction) one
would expect the same peak currents, as they are referred to a
geometric surface area. In the case of pure kinetic control
(irreversible redox reaction) one would expect the ratio of peak
currents determined by the ratio of Au active surface area and
rate constants, that is, peak currents about 7.5 times smaller on
Au/PU electrodes compared to Au foil. Observed peaks are
lower by a factor of 2−2.5 on Au/PU compared to Au foil,
which conﬁrms the quasi-reversible character of the redox
processes on the nanocomposite surface.
Thus, Au/PU composite electrodes behave under 0% strain
as slightly rough Au foil electrodes for the [FeIII(CN)6]
3−/
[FeII(CN)6]
4− transfer reactions, with an active Au surface area
that represents approximately 20% of the total geometric area.
The deviation from Nyquist plots of non-stretched Au/PU
electrodes at low frequencies from the prediction from a
Randles model can be attributed to the eﬀect of the porosity of
the nanocomposite electrodes. At high and moderate
frequencies, the AC modulation signal is probing mostly an
open interface while the interface in pores is not active due to a
high pore impedance, Zp. The latter is often treated in terms of
the DeLevie model,39 which takes into account the depend-
ence of depth of penetration of AC signal into pores and
predicts that the phase angle, Zp, for semi-inﬁnite pores is half
that of the impedance of a ﬂat interface. We shall discuss our
Figure 5. Impedance spectra of (a) Au foil and (b) Au/PU composite electrodes measured at equilibrium potential E0 = 0.136 V (vs Ag/
AgCl) in 0.5 M PBS solution in the presence of 12 mM [FeIII(CN)6]
3−/[FeII(CN)6]
4−. Inset, Randles model of electrode−electrolyte
interface typically used as an equivalent circuit for modeling electrochemically active interfaces.
Figure 6. EIS spectra of Au/PU electrode, measured at equilibrium potential E = 0.136 V (vs Ag/AgCl) in 0.5 M PBS solution in the
presence of 12 mM [FeIII(CN)6]
3−/[FeII(CN)6]
4− at diﬀerent strains from 0% to 40%. Inset, schematic representation of the electrochemical
model applied on the strain-dependent EIS data obtained with stretchable Au/PU nanocomposite.
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observations related to the Zp appearance in more detail below
with the results of the stretching of our Au/PU electrode.
Electrochemical Reactions under Strain. The strain
dependence of the Nyquist plots for Au/PU composite
(Figure 6) provides a detailed look on the changes of
interfacial properties of the interface between Au/PU electro-
des and electrolyte. As mentioned above, the Randles model
cannot completely ﬁt the EIS spectra at low frequencies, which
is due to pore impedance. This contribution becomes obvious
when the strain reaches 20% where Nyquist plots acquire the
second semi-arc in the intermediate frequency range. This
qualitative change can be described by Lasia’s model of pore
impedance.33 This model takes into account frequency
dispersion of charge-transfer resistance in the case of porous
electrodes due to the formation of a gradient of concentration
of redox active species along the length of the pore that, in our
case, include nanometer and sub-nanometer scale pores. We
shall collectively refer to them as nanopores. According to the
Lasia’s model, the impedance of porous electrodes depends on
the Thiele modulus, Φ0, used in catalysis to evaluate the
eﬃciency of the use of active surfaces in porous catalysts.
When Φ0 ≪ 1 (wide, short pores), an electrode behaves as a
ﬂat interface and only one semi-arc is observed. When Φ0 ≫ 1
(semi-inﬁnite pores), the total impedance is predominantly
determined by the impedance of the reaction in the pores,
which is frequency-dependent, and again, only one semi-arc is
observed. For intermediate values of Φ0, the current density
contributions of the pores and at the open interface to the
impedance are comparable and two semi-arcs are observed as
was conﬁrmed in several experimental studies employing
electrodes with deﬁned porosity.40−42 A switch in impedance
behavior occurs when changing from a ﬂat to a non-ﬂat
electrode while keeping the nature of the electrode unchanged.
This opens a possibly for a systematic investigation of the
eﬀect of an electrode’s strain on the electrochemical
parameters for the composite-electrolyte interface.
In order to account for the second semi-arc while stretching,
we developed a model for EIS data represented by an
equivalent circuit, shown in Figure 6 inset. It consists of a
resistance of bulk electrolyte R1 in series with circuit segments
composed of two parallel circuits: one accounting for the open
rough surface (circuit 2, impedance Zr) and another one
accounting for nanopores forming under stretching (circuit 3,
impedance Zp). Zr is modeled by the same Randles circuit as it
was used for the Au foil electrode. It contains a double layer
capacitance of the nanocomposite C2 in parallel with
impedance of faradaic reaction containing charge-transfer
resistance, R2, and diﬀusion Warburg impedance, W.
Impedance of nanopores Zp contains a resistance of an
electrolyte in the pores R3 in parallel with a connection of a
double-layer capacitance of Au NPs in pores C3 and a charge-
transfer resistance R4. This resistance represents the resistance
of the Au interface in the nanopores and of the electrolyte. The
rationale behind this model is that while stretching, the open
rough surface increases in area but other pores not taken into
account in the rough open surface appear. Both areas, open
surface and nanopores, are then in parallel.
Comparing the EIS data with SEM images (Figure 1), we do
not observe signiﬁcant changes of the nanocomposite electrode
morphology by SEM while stretching even if EIS spectra reveal
such changes. Therefore, the changes must take place over a
smaller length scale or inside the nanopores already present at
rest, making them not visible in SEM.
Strain Dependence of Electrochemical Parameters.
The model in Figure 6 inset that contains two electrical
segments allows for ﬁtting the EIS spectra of Au/PU electrodes
across the whole range of applied frequencies and for all values
of strain. By ﬁtting the experimental data in Figure 6, one can
arrive at the set of strain dependent electrochemical parameters
given in Table 2.
The changes of the serial resistance, R1, which is mostly
related to the resistance of the bulk electrolyte, are negligible
and within the error of ﬁtting. As one expects, R1 is strain
independent. In contrast, the value of C2 increases by a factor
of about 2.5 between 0% and 40% of strain, indicating an
increase in the surface area of the nanocomposite at the
interface. By relating the value of C2 to the speciﬁc surface
capacitance of the Au foil electrode as measured previously (Cs
Table 2. Parameters of Fitting of Experimental EIS Data of Au/PU Electrode at Diﬀerent Strains in Comparison to Au Foil
Obtained for Equivalent Circuit Shown in Figure 5
electrode R1, Ω C2, μF R2, Ω W, Ω·s−1/2 R3, Ω C3, μF R4, Ω
Au foil 10.4 51.8 7.7 5.38
Au/PU 0% 41.0 1.39 357.7 148.3
Au/PU 10% 40.8 2.89 186.6 70.2 251.5 5.81 891.7
Au/PU 20% 39.3 3.85 165.8 52.8 206.2 19.9 979.9
Au/PU 30% 38.6 4.77 136.8 42.8 103.4 56.9 1223
Au/PU 40% 37.4 5.62 105.0 38.2 51.6 149.8 1143
Table 3. Electrochemical Parameters Describing the Interface of Au/PU Electrode at Diﬀerent Strains in Comparison to Au
Foil Electrode
A1, cm
2 /1 cm2 geom. A2, cm
2/1 cm2 geom.
electrode (A1/A1(0%))
a k1, cm·s−1 D, ×105 cm2·s−1 (A2/A1(0%))
a k2, cm·s−1
Au foil 1.04 1.40 1.50
Au/PU 0% 0.20 (1) 1.11 1.44
Au/PU 10% 0.36 (1.8) 1.02 1.49 0.68 (3.4) 0.107
Au/PU 20% 0.41 (2.05) 0.87 1.49 2.19 (10.9) 0.028
Au/PU 30% 0.48 (2.4) 0.85 1.47 5.74 (28.7) 0.008
Au/PU 40% 0.52 (2.6) 0.94 1.33 14.03 (70.1) 0.003
aIn parentheses, A1 and A2 values normalized with respect to the value of A1 at 0% strain.
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= 27 ± 5 μF/cm2), the surface area of Au/PU nanocomposites
can be estimated at the “open” interface (see A1 values in Table
3; for the relations between R2, W, C2, k1, and D, see eq S-1 in
the SI). An increase of A1 at 40% of stretching is observed
corresponding to 2.5 times the area found in the non-stretched
state. This indicates that stretching renders new Au NPs
accessible to the electrolyte, which is consistent with the
previous observation that NPs in deformable composites for
chains under strain thereby making more NPs electroactive.14
R2 and W are the components of the faradaic impedance, Zr,
and are related to the resistance of charge transfer of the redox
reaction and to the planar diﬀusion impedance, respectively.
These parameters allow estimation of the heterogeneous rate
constant, k1, of the electrochemical reaction and the diﬀusion
coeﬃcient, D, of FeIII(CN)6
3− and FeII(CN)6
4− complexes in
the solution (Table 3). We did not detect any signiﬁcant
dependence of k1 or D on stretching; both parameters should
be therefore considered strain-independent. It shows that
neither the interfacial activity nor the mass-transport
conditions for conductive nanoscale elements at the interface
are changing signiﬁcantly for diﬀerent strains; the changes of Zr
with stretching are predominantly related to an increase of the
exposed surface area. Taking the values of A1, k1, and D into
account it is possible to calculate the ratio of the CV peak
intensities for the diﬀerent strains. We found that the CV peak
intensity at 40% strain was 2.5 times greater than that at 0%
strain. This matches well with CV data (Figure 4) and validates
our model.
We note that although the same model was successfully
applied to ﬁt EIS spectra for all strains, we did not use it at 0%
stretching. Indeed, at 0% strain the uncertainty of the
determination of the components of Zp was too high while a
good ﬁt could be obtained without introducing Zp (Randles
model), as discussed previously. Thus, no EIS ﬁtting results for
Zp are given for 0% strain.
The new model assumes the presence of two types of
interfaces at the same time (open surface and nanopores),
modeled by two electrical circuits in parallel (Figure 8). In this
case, it is more informative to compare their admittances
instead of impedances: total admittance, Yt, consists of two
additive components: admittance of the open surface, Yr, and
admittance of the pores, Yp, that is, Yt = Yr + Yp. Each
admittance contributes to a semi-circle in the Nyquist plot of
the EIS data. The admittance of nanopores is low at all
frequencies and the total admittance is predominantly
determined by the admittance of the open interface at 10%
strain (Figure 7a). This means that the electrochemical
response is predominantly determined by assemblies of Au
NPs at the open surface. The contributions of the nanopores,
however, change with stretching as illustrated by the Bode
admittance plot at 40% strain (Figure 7b). At high frequencies,
the admittance of open surface predominates, while admittance
of nanopores is limited by the high resistance of the electrolyte
in these tight channels, R3. Thus, at high frequencies, the total
system behaves as an open surface system and a high-frequency
semi-arc appears in the Nyquist plots (Figure 6). At
intermediate frequencies, the admittance of the open surface
particles is limited by the double-layer capacity, C2, which
decreases rapidly with frequency, and the admittance of
nanopores becomes predominant. This is due to the fact that
the double-layer capacity of Au NPs in the nanopores, C3, is
much higher than C2 (Table 2), indicating greater numbers of
NPs are in the pores compared to the open surface. On
Nyquist plots, a second semi-arc is detected at these
frequencies (i.e., between 10 and 1000 Hz), which is related
to speciﬁc nanopore response. The estimation of the surface
area of conductive elements from self-assembled Au NPs in the
nanopores (A2) indicates that at 10% of strain the availability
of surface area of Au in the nanopores is doubled, and is ∼27%
greater at 40% strain. As frequency decreases further, Yp starts
to decrease again due to the frequency dependence of the
contribution of C3. Thus, at a certain frequency, a contribution
of the open surface admittance, Yr, becomes predominant
again. At these low frequencies, admittance of the open surface
is mostly determined by admittance of redox processes (i.e. by
R2 and W), which also show up in a nearly Warburg-like
Nyquist plot segment. Finally, at low frequencies the
admittance of nanopores is limited by the resistance of
electrolyte, R3, and the interfacial resistance, R4, the latter of
which is relatively high. This indicates that the redox reaction
on the surface of the self-assembled conductive elements from
NPs in nanopores is signiﬁcantly slowed down compared to
the reaction at the open surface. This fact is reﬂected by the
small values of the rate constant k2 (Table 3) compared to k1,
which can be rationalized either via signiﬁcantly lower
concentrations of [FeIII(CN)6]
3− and [FeII(CN)6]
4− in the
Figure 7. Admittances of Au/PU electrodes obtained with strains of (A) 10% and (B) 40%. Black points represent the total admittance Yt,
black lines an admittance of an open rough surface Yr, and red lines an admittance of pores Yp.
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nanopores or by blocking of the NP surface by PU. Because
the open surface admittance decreases with frequency, the
contribution of the nanopore admittance becomes increasingly
signiﬁcant at low frequencies, which is observed as a deviation
from straight Warburg impedance on the Nyquist plots.
The use of EIS to illustrate the strain dependence of the Au/
PU electrode revealed a systematic increase of the total surface
area of exposed Au NPs with increased strain. At low strain
(0% and 10%) the electrochemical properties of the electrode
are dominated by the conducting elements from Au NPs
located at the open surface, whose population increases
roughly by factor 2.5 when the electrode is stretched to 40%.
The interfacial properties of these particles are not changing
signiﬁcantly: neither their activity in the redox reaction nor the
mass-transport conditions toward the interface change with
strain. These are the NPs that are involved in the redox
reaction at the electrode. At the same time, with stretching, a
new contribution, not predicted by SEM, of Au NPs in the
nanopores appears and becomes more and more signiﬁcant
with stretching at intermediate frequencies. These NPs
contribute signiﬁcantly to the double layer capacitance, but
for the redox reaction between [FeIII(CN)6]
3− and
[FeII(CN)6]
4− their contribution is negligible. The signiﬁcance
of the strain-dependence of these parameters highlighted by
the fact that the surface area of NPs in the stretched electrode
is of the order of 27 times greater than that of the open rough
surface area of the initial non-stretched state. The considerable
increase of the electroactive area of the nanopores can be
associated with the incorporation of the previously electro-
chemically inactive NPs into the conductive network due to
the reversible strain-induced self-organization of the NPs into
bands.14 Also, the reorganization of the composite material is
likely to change the conformation of the polymeric chains on
the surface of gold NPs potentially allowing penetration of
larger number of ions to gold surface in under strain than in
relaxed state.
The tests of reversibility of electrochemical behavior of Au/
PU electrodes by measuring their impedance after decreasing
the strain from 40% back to 20%. Qualitatively similar Nyquist
diagrams were observed at 20% strain before and after the
stretching to 40% (Figure S-2, SI). Also the values of Au
speciﬁc surface area A1 (open surface) and A2 (particles in
pores) change quasi-reversibly with strain (Table S-1, SI).
Besides slow relaxation kinetics in the nanocomposites, the
diﬀerences in A1 and A2 values at 20% before and after
stretching to 40% is an indication of a plastic deformation in
the composite as was observed before.14 The change of the
direction of the strain can result in the further structural
reorganization.
CONCLUSIONS
Nanoparticle composites with self-organizing conducting
pathways opened the possibility to systematically vary strain
while retaining the chemical composition and surface top-
ography of stretchable electrodes. It enabled us to address the
questions of the strain dependence of key electrochemical
parameters for deformable electrodes and elaboration of a
strain-dependent circuit model for deformable electrodes. We
found that the redox potentials of [FeIII(CN)6]
3− and
[FeII(CN)6]
4− pair are strain-independent for the window of
tensile strains from 0% to 40%. The electrochemical behavior
of the nanocomposite electrode in the relaxed state can be
described well by the classic Randles model, but the strained
composite cannot. Instead, an electrochemical model with two
parallel circuits and strain-dependent electrochemical param-
eters must be applied. One impedance segment in the
developed model corresponds to a diﬀusion/reaction process
at an open rough surface, whereas another one corresponds to
electrochemical processes taking place in (sub)nanometer-
scale pores that may not be distinguishable on electron
microscopy images. By stretching the electrode, the area
corresponding to the open surface circuit increases by a factor
of 2.5 for a 40% strain, whereas the area of the nanopore circuit
is 27 times that of the initial area of the electrode in the non-
stretched state. Only the Au NPs corresponding to the open
surface circuit participate in the electrochemical reaction,
whereas those of the nanopore circuit contribute only to the
double-layer capacitance. The dramatic increase of the
electroactive area is attributed to the increase of number of
NPs self-assembling into the conductive network under strain
and interfacial reorganization of PU chains. Conceptually
similar deformation-induced phase-separation processes can
also be observed in nanocarbon composites,43,44 and therefore
a similar strain-dependent electrochemical phenomenon
should be expected for them as well. This study opens the
route to engineering of materials for biomimetic electrodes,
implantable electronics, and deformable charge storage devices
based on stretchable nanocomposites, by providing an accurate
account of the charge-transport processes at the interfaces.
MATERIALS AND METHODS
Materials. Potassium hexacyanoferrate(II) trihydrate and potas-
sium hexacyanoferrate(III) were purchased by Merck (Darmstadt,
Germany). Gold(III) chloride trihydrate, sodium citrate tribasic
dihydrate, and phosphate-buﬀered saline (PBS) tablets were
purchased from VWR (Radnor, Pennsylvania, USA). Cationic
polyurethane aqueous dispersion (30 vol%, molecular mass
approximately 92 000) was purchased by Hepce Chem (South
Korea). All chemicals were used as received.
Synthesis of Gold Nanoparticles (AuNPs). Gold(III) chloride
trihydrate (180.0 mg, 0.458 mmol) was added to ultrapure deionized
water (950 mL) in a 1 L glass beaker equipped with a magnetic stir
bar. The mixture was heated to boiling under vigorous stirring
followed by additional heating for 20 min. Subsequently, 50 mL of 34
mM sodium citrate solution was added to the mixture. The aqueous
solution was heated for 20 min followed by cooling to room
temperature. Citrate-stabilized AuNPs with diameter 13.6 ± 0.3 nm
were synthesized. The as-prepared aqueous solution was directly used
for the preparation of VAF ﬁlms.
Preparation of Vacuum-Assisted Flocculation Films. To a
glass beaker containing 1 L of as-prepared AuNPs dispersion (no
additional concentration steps were applied) equipped with a
magnetic stir bar, we slowly added 1 mL of 1.0 vol% aqueous
polyurethane. The mixture was stirred for 15 min followed by
ﬁltration. Filter papers of 0.8-μm pore size with 47 mm diameter, and
the ﬁltration assembly, were obtained from Fisher Scientiﬁc. The
resultant gold-colored ﬁlm was peeled oﬀ the ﬁlter paper. We
recommend drying the ﬁlm completely before taking it out from the
ﬁltration assembly. Individual peeled-oﬀ ﬁlms have some ﬁbrous
material attached that comes from the ﬁlter paper, which can be
removed by gentle scratching. Conditions and procedures for the
preparation of VAF ﬁlms with various gold contents were the same
except for the volumetric ratios of the dispersion of as-prepared AuNP
solutions. VAF ﬁlms with high conductivity were prepared from 650
mL of as-prepared AuNP dispersion, respectively. To make a 30 μm
thick VAF ﬁlm, in total about 1800 mL of solution needs to be
ﬁltered.
Electrochemical Measurements. Electrochemical measure-
ments were performed in a three-electrode cell, which consisted of
a beaker with three inserted electrodes. Pt-coiled wire served as a
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counter electrode (CE), and a Ag/AgCl electrode was used as a
reference electrode (RE). The working electrode (WE) was a Au/PU
composite electrode cut with a size of 2 mm × 20 mm. The
electrolyte in the cell was purged with N2 for 15 min before each
measurement to avoid the currents related to O2 reduction. The entire
cell setup was placed into a closed gas reservoir ﬁlled with N2 in order
to protect it from air. A constant ﬂow of N2 was kept in the chamber
during the experiment. CV was performed using a CHI 660E
Electrochemical Workstation (CH Instrument, USA). Impedance
measurements were performed using a SP-300 Bio-Logic potentiostat
(Grenoble, France), equipped with an impedance module. Impedance
measurements were conducted at equilibrium potential by the
application of 7 mV AC amplitude and a frequency range from 100
kHz to 0.01 Hz. The analysis of impedance data was accomplished
with EC-Lab Bio-Logic software (Zﬁt module). Phosphate buﬀer
solution was prepared using PBS tablets, 0.5 M phosphate buﬀer, 6.85
M NaCl, and 0.135 M KCl and adjusted at pH 7.4. One should note
that the absolute values of parameters like the areas A1 and A2, the
areas introduced in our model, may be quite diﬀerent from one
sample to the other for Au/PU composite but similar trends as far as
variations of these parameters with strain are concerned. This
variability is attributed to the variability of the commercial PU
material. We observed that both mechanical and electrical properties
of our composite ﬁlms were batch-dependent.
Scanning Electron Microscopy. SEM assessments were
performed using a Quanta 250 ESEM (FEI Company, Eindhoven,
The Netherlands) operating with an accelerating voltage of 10 kV. To
obtain the images under stretching, we used a custom-made stretching
device that was introduced into the microscope.
Stretching Device.We designed a custom-made stretching device
to perform the electrochemical experiments (Figure S-3, SI). Au/PU
composite electrodes were attached between two clamps on a
stretching platform. The platform was made of non-metallic materials
and immersed in a beaker containing the electrolyte solution. A small
part of the Au/PU composite electrode was out of the electrolyte, in
order to make the electrical connection to the potentiostat. All
measurements presented here are expressed in current density
depending on the length of immersed nanocomposite electrode
measured with a caliper. The platform was connected to a motorized
axis that allowed movement of one of the clamps, and therefore
induced a stretching of the attached membrane, at a speed of 0.012
mm/s. The ﬁrst electrochemical measurement was performed at 0%
strain. Then the nanocomposite electrode was stretched to 10% of its
initial length, with 5 min relaxation before each measurement, until
the strain reached 40%.
Conductivity Measurements. Conductivity measurements with
four-probe methods were obtained using a 34401A digital multimeter,
61/2 Digit (Agilent Technologies, USA). The four probes were placed
on the sample. Change of resistance on the multimeter and change of
strain on the display of tensile machine were video recorded together.
Sample being stretched was photographed to see change of length and
width (one photograph was taken every second) to calculate thickness
of sample at each photograph. Video recorded resistance, strain, and
thickness data were used to calculate data points for the conductivity
values as a function of strain. Tensile measurements were performed
by testing ∼1 mm wide and 5−7 mm long rectangular strips of
samples with a mechanical strength tester 100Q (Test Resources,
USA). Tests were performed at a rate of 0.08 mm s−1 for laminated
VAF ﬁlms with a ∼111 N range load cell. The conductivity of the
diﬀerent membranes was typically of the order of 900 S/cm at 0%
strain and decreases with strain as shown in Figure S-4 (SI). This
leads to resistances of the electrodes at rest of the order of 1Ω taking
into account the dimensions of the electrodes.
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